A Simple Model for Deglacial Meltwater Pulses by Robel, Alexander A. & Tsai, Victor C.
Geophysical Research Letters
A Simple Model for Deglacial Meltwater Pulses
Alexander A. Robel1,2 and Victor C. Tsai1
1Division of Geological and Planetary Sciences, California Institute of Technology, Pasadena, CA, USA, 2School of Earth and
Atmospheric Sciences, Georgia Institute of Technology, Atlanta, GA, USA
Abstract Evidence from radiocarbon dating and complex ice sheet modeling suggests that the
fastest rate of sea level rise in Earth’s recent history coincided with collapse of the ice saddle between the
Laurentide and Cordilleran ice sheets during the last deglaciation. In this study, we derive a simple,
two-equation model of two ice sheets intersecting in an ice saddle. We show that two conditions are
necessary for producing the acceleration in ice sheet melt associated with meltwater pulses: the positive
height-mass balance feedback and an ice saddle geometry. The amplitude and timing of meltwater pulses
is sensitively dependent on the rate of climate warming during deglaciation and the relative size of ice
sheets undergoing deglaciation. We discuss how simulations of meltwater pulses can be improved and the
prospect for meltwater pulses under continued climate warming.
Plain Language Summary At the end of the last ice age, global sea levels rose by 10–20 m in
period of less than 500 years. This was just one among manymeltwater pulse events that are the fastest
periods of sea level rise in Earth’s recent history. Though the cause of these meltwater pulses is debated,
observations and models suggest that they may be associated with the collapse of saddle regions at the
junction of ice sheets. We show, using a simple mathematical model, that such meltwater pulses will occur
in any ice sheet with a saddle region due to the rapid increase in the area and intensity of melting at the
ice saddle surface during periods of climate warming. The size and timing of meltwater pulses depends on
the rate of climate warming and the ice sheet geometry. We discuss how to better improve computer
models of meltwater pulses and the possibility for a sudden acceleration in sea level rise in the future due to
ice saddle collapse.
1. Introduction
Past transitions from glacial to interglacial periods were punctuated by meltwater pulse events during which
the rate of sea level rise signiﬁcantly accelerated. Meltwater Pulse 1A (MWP 1A) was one such event (∼14.6 kyr
before present), when global sea levels rose by 10–20 m in less than 500 years, constituting the fastest reli-
ably constrained period of sea level rise in recent geologic history (Deschamps et al., 2012; Fairbanks, 1989;
Lambeck et al., 2014). Though there is debate regarding the partitioning of sea level rise associatedwithMWP
1A between melting of the North American and Antarctic ice sheets (Bentley et al., 2014; Clark et al., 2002),
existing geological constraints are consistent with some contribution from rapid melting of the North Ameri-
can ice sheets (Gomez et al., 2015; Liu et al., 2016). Radiocarbon dates (Carlson & Clark, 2012; Dyke, 2004) also
indicate that the rapid sea level rise ofMWP1A coincideswith the opening of an ice-free corridor between the
Laurentide and Cordilleran ice sheets, though the amount of ice melt required to open this ice-free corridor
is poorly constrained.
Weertman (1961) ﬁrst showed that a positive feedback between ice sheet height and surface melting inten-
sity can drive deglaciation through a small ice sheet instability. Though this instability has also been simulated
in realistic ice sheet models (Abe-Ouchi et al., 2013; Pollard & DeConto, 2005), it is not necessarily accompa-
nied by rapid sea level rise. Gregoire et al. (2012) ﬁrst showed that simulated intense surface melting in the
ice saddle region between the Laurentide and Cordilleran ice sheets is associated with a brief acceleration in
deglacial sea level rise. Subsequent studies (Abe-Ouchi et al., 2013; Gregoire et al., 2016; Heinemann et al.,
2014; Stuhne & Peltier, 2017; Tarasov et al., 2012) have simulated similar ice saddle collapse events during the
deglaciation of the Laurentide and Cordilleran ice sheets, though the timing, duration, and amplitude of the
associated meltwater pulses vary signiﬁcantly between models and do not always match observational con-
straints. Nonetheless, the broad similarities of simulated meltwater pulses across these complicated models
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Figure 1. Schematic of model conﬁguration with two ice sheets intersecting. Brown-shaded region is bed topography.
Blue line is ice sheet surface. Black dashed line indicates ice saddle location (xs). Gray solid lines indicate locations of ice
sheet centers.
indicate that there are fundamental causes of meltwater pulses that are captured even in coarse ice sheet
models. Nonetheless, it is unclear why meltwater pulses tend to occur during the deglaciation of ice saddles
and the role of speciﬁc physical processes in setting the characteristics of meltwater pulses.
In this study,wedescribe aminimalmodel of two ice sheets thatmay intersect in an ice saddle. Under idealized
climate forcing, this model simulates deglacial meltwater pulses which approximately match the amplitude
and timing of observationally constrained estimates for MWP 1A. The modeled meltwater pulses are caused
by the rapid expansion and intensiﬁcation of surface melt over the ice saddle region, which will occur in any
ice sheet with an ice saddle and the height-mass balance feedback. We show that the amplitude and timing
ofmeltwater pulses are largely controlled by the rate of climate warming during deglaciation and the relative
volumes of the two deglaciating ice sheets.
2. Model Justiﬁcation and Derivation
The purpose of this study is to understand how deglaciation occurs under a gradually warming climate when
an ice sheet has a saddle geometry and ice surface melt rate is a function of elevation. We formulate our
objective in this formbecausemore complexmodels (Abe-Ouchi et al., 2013; Gregoire et al., 2012; Heinemann
et al., 2014; Tarasov et al., 2012; Ziemen et al., 2014) indicate that (1) there was an ice saddle between the
Laurentide and the Cordilleran ice sheets at the Last Glacial Maximum (LGM) and during the early part of the
last deglaciation, (2) surfacemass balance (SMB) increasedwith elevation (to a point), and (3) equilibrium line
altitude (ELA) increased approximately linearly over time during the deglaciation. Understanding the cause
of these conditions is interesting (and discussed in the studies cited above), butmodeling the complexities of
climate and ice ﬂow that produce them is ultimately not the purpose of this study. The model that we derive
in this section is self-consistent given these conditions (and others discussed in this section), but in reality
these conditions are themselves the result of processes not considered here.
We consider two land-based ice sheets (schematic in Figure 1). The inner sections of both ice sheets are on a
ﬂat continental interior (at elevation d0) andmay intersect. The outer sections are on sloping continental mar-
gins (with bed slopes s1 and s2). This bed geometry is a simple, idealized version of the continental geometry
of North America or Greenland. As was originally shown by Weertman (1961), horizontal variation in either
bed elevation or SMB proﬁle is necessary for the existence of a ﬁnite steady state ice sheet conﬁguration. In
this section, we derive a simple model of the evolution of each ice sheet’s volume driven by ice sheet surface
melting and accumulation.
2.1. Ice Sheet Elevation
The elevation of the ice sheet surface (E) is the sum of bed elevation and ice sheet thickness. Each ice sheet
(labeled with index j = [1, 2]) has a generic thickness proﬁle (similar to Nye, 1951, 1959) that decreases with
distance from the ice sheet maximum
h1(x) = A1
(
R1 − |x|)𝛼, (1)
h2(x) = A2
(
R2 − |Lc − x|)𝛼, (2)
whereAj and 𝛼 are parameterswhich set the shapeof the ice sheet proﬁle andRj is the ice sheet radius from ice
thickness maximum to margin. The simplicity of this model is facilitated by the parameterization of ice sheet
processes into these few parameters, leaving the ice sheet extents, Rj , as the only prognostic variables. The
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distance between the two ice sheet maxima is prescribed as Lc, though the model is, in principle, extendable
to an arbitrary number of ice sheets.
The saddle point, xs, is the location at which the two ice sheets intersect (equations (1) and (2) are equal),
xs = 𝛾
[(
A1
A2
) 1
𝛼
R1 − R2 + Lc
]
, (3)
where 𝛾 =
[
1 +
(
A1
A2
) 1
𝛼
]−1
is a parameter that measures the asymmetry in ice sheet size parameters. When
the ice sheets are separated, the saddle point location for each ice sheet (xsj) is set to the ice sheet extent (see
supporting information).
Our assumption of a symmetric ice sheet proﬁle is an approximation based on our idealized choice of bed
topographybut could be loosened if the ice sheets haddiﬀerent extents (Rj) in the inner andouter continental
sections (doubling the number of prognostic variables). Additionally, we prescribe Lc under the assumption
(supported by more complex models like, Gregoire et al., 2012) that the ice divides do not migrate signiﬁ-
cantly during deglaciation and are set primarily by topography and climatic factors. Though future studies
may consider the inﬂuence of ice divide migration on deglaciation with the advent of eﬃcient high-order ice
ﬂowmodels, such eﬀects are beyond the scope of our simple model.
2.2. Surface Mass Balance
Land-based ice sheets gain and lose mass entirely through accumulation and melting at the ice sheet sur-
face. The SMB (accumulation minus surface melting) is aﬀected by climatic and ice sheet surface processes
over polar ice sheets (Cutler et al., 2000; Jenson et al., 1996), which tend to produce SMB that increases with
elevation (E) until reaching a constant
M(E) =
{
a0 + 𝛽E if E < ER
a0 + 𝛽ER if E ≥ ER
, (4)
where a0 is the sea level SMB, 𝛽 is the SMB gradient, and ER is the saturation elevation where SMB becomes
constant. The ELA is the elevation at which SMB is zero. For simplicity, we apply this SMB function to both ice
sheets.
The evolution of each ice sheet’s volume is driven by the SMB (equation (4)) at the surface of each ice sheet.
We take the integral of SMB (equation (4) summed in parts separately above and below ER) over the ice sheet
surface to give an integrated SMB for the inner and outer ice sheet sections
Bjo =
(
a0 + 𝛽d0
)
Rj −
1
2
𝛽sj
(
R2j − x
2
Rj
)
+
𝛽Aj
𝛼 + 1
(
Rj − xRj
)𝛼+1
+ 𝛽xRj
(
ER − d0
)
, (5)
Bji = 𝛽d0
(
xsj − xRj
)
+
𝛽Aj
𝛼 + 1
[(
Rj − xRj
)𝛼+1
−
(
Rj − xsj
)𝛼+1] + 𝛽ERxRj + a0xsj. (6)
The location of saturation, xRj , is the horizontal location where E = ER. Under certain circumstances, we can
solve for xRj analytically, and otherwise, we use a root-ﬁnding method to solve for xRj . When the runoﬀ line
elevation is lower than the ice sheet saddle point elevation, the location of saturation is set to the saddle point
location (xsj), and when the runoﬀ line is higher than the entire ice sheet, the location of saturation is set to
the ice sheet center. Further details can be found in the supporting information.
2.3. Complete Ice Saddle Model
Ice sheet evolution is described by time derivatives of ice sheet volume (given explicitly in the supporting
information), driven by integrated SMB
d
dt
(
V1o + V1i
)
= A1Ln
[(
2R𝛼1 − 𝛾
𝛼+1𝜙𝛼
) dR1
dt
− 𝛾𝛼+1𝜙𝛼
dR2
dt
]
= B1o + B1i, (7)
d
dt
(
V2o + V2i
)
= A2Ln
[
−(1 − 𝛾)𝛼+1𝜙𝛼
dR1
dt
+
(
2R𝛼2 − (1 − 𝛾)
𝛼+1𝜙𝛼
) dR2
dt
]
= B2o + B2i, (8)
where Ln is the ice sheet extent in the direction perpendicular to ice sheet intersection (in-page in Figure 1),
which we assume to be constant. The𝜙 is the extent of ice sheet overlap:𝜙 = max[R1+R2− Lc, 0]. Separating
derivatives, we have our simple model
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dR1
dt
=
(
k11k22 − k12k21
)−1 [
k22
(
B1o + B1i
)
+ k12
(
B2o + B2i
)]
, (9)
dR2
dt
=
(
k11k22 − k12k21
)−1 [
k21
(
B1o + B1i
)
+ k11
(
B2o + B2i
)]
, (10)
where
k11 = A1Ln
(
2R𝛼1 − 𝛾
𝛼+1𝜙𝛼
)
, (11)
k12 = A1Ln𝛾𝛼+1𝜙𝛼, (12)
k21 = A2Ln(1 − 𝛾)𝛼+1𝜙𝛼, (13)
k22 = A2Ln
(
2R𝛼2 − (1 − 𝛾)
𝛼+1𝜙𝛼
)
. (14)
This model simpliﬁes the complex dynamics of two interacting ice sheets into a system of two strongly
nonlinear ordinary diﬀerential equations with relatively few parameters.
To derive this simple model of deglacial meltwater pulses, it is necessary to neglect processes which we con-
sider to be less important in a deglaciating ice sheet. Consistent with previous simple models (Nye, 1951;
Vialov, 1958), we assume that each ice sheet proﬁle instantaneously adjusts to changes in SMB over its own
surface through unresolved ice ﬂow. Interaction between the two ice sheets only occurs through migration
of ice saddle location, though the shape of the ice sheet proﬁles is unaﬀected by the presence of the ice sad-
dle. To produce an ice saddle, geometry requires that either (1) SMB in the saddle region is lower than the
surrounding regions or (2) there is a signiﬁcant out-of-plane ice outﬂow from the saddle region. Since SMB is
typically (and in ourmodel) constant at high elevations (see section 2.2), it is more likely that ice outﬂow from
the saddle is responsible for producing the saddle geometry. Indeed, the Laurentide-Cordillera ice saddlewas
probably the result of outﬂow through an ice stream occupying the Mackenzie River trough (Margold et al.,
2015). Despite this out-of-plane ﬂow likely being important for setting the saddle geometry, it can be ignored
for the purposes of understanding deglaciation as long as it does not change signiﬁcantly during this time.
Since previous more realistic models (Gregoire et al., 2012; Tarasov et al., 2012) suggest this to be the case,
we ignore this potential contribution to deglaciation and focus entirely on in-plane changes in SMB and ice
sheet size. Consequently, our simplemodel maintains both the prescribed shape of the ice saddle proﬁle and
out-of-plane ice sheet extent (Ln) during deglaciation. Such assumptions and simpliﬁcations allow us to con-
duct controlled experiments on the role of ice saddle geometry and SMB in producing deglacial meltwater
pulses, which would bemore diﬃcult to conduct inmodels withmanymore parameters and interdependent
degrees of freedom.
3. Necessary Conditions for a Meltwater Pulse
Meltwater pulses occurred (among other times) during deglacial periods of increasing atmospheric temper-
ature. We reproduce this climatic forcing by assuming a linear trend in the SMB at sea level
a0(t) = a0(t = 0) − atrt. (15)
In this section, we use a deglacial SMB trend similar to those simulated in complex climate models (e.g., Gre-
goire et al., 2016). This trend is applied to a two-ice sheet conﬁguration, initialized at a steady state, attained
by setting othermodel parameters (listed in caption of Figure 2) to realistic values which produce an ice sheet
with geometry comparable to the Laurentide-Cordilleran saddle region during the LGM.
The simulated deglaciation of two intersecting ice sheets under a warming climate is plotted in Figure 2.
After the onset of warming, there is a gradual expansion and intensiﬁcation of surface melt in the outer ice
sheet regions, while the inner saddle region maintains a constant positive SMB (Figure 2b). Approximately
3,000 years after the onset of deglaciation (solid gray line in Figure 2c), there is an acceleration in the rate of
melting in the ice sheet interior when the ELA reaches the elevation of the ice saddle and which we identify
as a meltwater pulse. Acceleration in interior surface melting is driven by two processes. The ﬁrst process is
the height-mass balance feedback, which causes surfacemelting to intensify as the saddle lowers in elevation
(red line becomes more negative in Figure 2c). The second process is the rapid expansion of the interior ice
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Figure 2. Simulation of a Laurentide-like deglacial meltwater pulse. (a) Ice sheet elevation proﬁle during meltwater
pulse, with colors indicating surface mass balance and labels indicating time of proﬁle. (b) Rate of ice volume loss as a
function of time (in centimeter per year sea level equivalent; SLE). Red and blue lines are total simulated volume loss
rate on outer and inner regions of ice sheets, respectively (see Figure 1). Black line is total simulated volume loss rate
over both ice sheets. Black circles are observationally constrained estimates of ice volume loss rate from the
Laurentide-Cordilleran Ice Sheet complex from Peltier et al. (2015). Purple squares are from a model-data estimate of ice
volume loss rate from the Laurentide-Cordilleran Ice Sheet complex from Tarasov et al. (2012; the N5a ensemble with
1-sigma uncertainty estimates). For both sets of observations, x = 0 kyr corresponds to 18.7 kyr before present.
(c) Blue line is the area of the simulated inner ice sheet region below saturation SMB as a function of time. Red line is the
simulated average SMB in over inner ice sheet regions as a function of time. Gray lines indicate important events during
the meltwater pulse: solid, onset of subsaturation SMB in interior; dashed, separation of ice sheets; and dotted,
disappearance of minor ice sheet. Parameters used in simulation: 𝛼 = 1
2
, A1 = 2.4 m
1
2 , A2 = 2.5 m
1
2 , Lc = 1, 400 km,
Ln = 3, 500 km, d0 = 0 m, 𝛽 = 3 × 10−3 1/year, s1 = s2 = 1.8 × 10−3, a0(t = 0) = −1 m/year, HR = 800 m,
atr = 7.5 × 10−4 m/year2. SMB = surface mass balance.
sheet area that is experiencing surfacemelting (blue line increases in Figure 2c). The interiormelt area expands
rapidly due to the geometry of the ice saddle (set, in part, by 𝛼). The product of the height-mass balance
feedback and the expansion of interiormelt area (i.e., the volumetric rate of interior surfacemelt) explains the
initial superlinear rate of acceleration in the ice sheet melt rate.
Gregoire et al. (2012) ﬁrst identiﬁed the height-mass balance feedback within the ice saddle region as an
important process in their simulation of MWP 1A. The simulation in their study provides a single scenario
in which a meltwater pulse is generated. Our simple model allows us to generalize this result to determine
theminimally necessary conditions under whichmeltwater pulses occur (includingMWP 1A). In the support-
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ing information we compare the simulation plotted in Figure 2 to an equivalent simulation with a single ice
sheet (and the height-mass balance feedback built-in). In contrast to the simulation with two ice sheets, a
single ice sheet does not produce a meltwater pulse-like acceleration in ice loss rate because surface melt-
ing occurring on both ice sheet ﬂanks (in the absence of an ice saddle) is determined entirely by the forcing
(linear climate warming). Additionally, in the absence of a height-mass balance feedback in the ice sheet inte-
rior, there would be no increase in surface melt area or intensity to produce the meltwater pulse in the ﬁrst
place. Our simple model demonstrates the general principle (of which Gregoire et al., 2012, is one example)
that meltwater pulses require (1) the height-mass balance feedback and (2) an ice saddle geometry. In iden-
tifying these necessary conditions for meltwater pulses, we are translating what has been learned about past
ice sheet dynamics (i.e., MWP 1A) to identify other ice sheets and scenarios in which meltwater pulses might
occur again.
The second phase of the meltwater pulse begins approximately 4,400 years after the onset of deglaciation
(dashed gray line in Figure 2c), when the ice sheets separate and acceleration in the rate of ice sheet melt
slows due to a decrease in the area of interior melting (blue line in Figure 2c). During this second phase of the
meltwater pulse, theminor ice sheet (i.e., the smaller of the two ice sheets) is undergoing the small ice sheet
instability (Weertman, 1961) through an expansion in the area of ice surface melt (blue line in Figure 2c).
Themeltwater pulse terminates approximately 5,600 years after the onset of deglaciation (dotted gray line in
Figure 2c), when theminor ice sheet disappears. Following themeltwater pulse, themajor ice sheet continues
to deglaciate through continuing intensiﬁcation of the rate of surfacemelt, though over a dwindling area. The
concomittent intensiﬁcation of surface melting and decrease in area of surface melting make for a relatively
smooth ﬁnal deglaciation, in line with simulations of single ice sheet deglaciation through the small ice sheet
instability (see single ice dome deglacial simulations in the supporting information).
Two independent observationally constrained volume loss rates for the Laurentide-Cordilleran ice sheets are
plotted in Figure 2b, derived from the ICE-6G estimate (black circles; Peltier et al., 2015) and Tarasov et al.
(2012; purple squares). We show this comparison between the simple model and observations to point out
that our simple model can approximately reproduce the timing, duration, and amplitude of MWP 1A obser-
vations, taking into account the signiﬁcant uncertainties associated with such observational estimates (see
1-sigmauncertainty estimates fromTarasov et al., 2012). The observations do suggest that the rate of ice sheet
melting early in deglaciation was generally lower than is simulated in the simple model, and the acceleration
associated with MWP 1A was sharper than our simulations. However, it is inadvisable to attempt to validate
the model by making such a detailed comparison to observations, due partly to the simplicity of the model
and partly to the poor observational constraints on MWP 1A. This simple model is a useful tool for under-
standing the conditions under which meltwater pulses occur and their dependence on ice sheet and forcing
parameters.
4. Amplitude and Timing of Meltwater Pulses
The amplitude and timingofmeltwater pulses simulatedwith complex 3-D ice sheetmodels (Abe-Ouchi et al.,
2013; Gregoire et al., 2012; Heinemann et al., 2014) diﬀer signiﬁcantly between models and often are in dis-
agreement with observationally-derived sea level records. In models that are parametrically tuned to match
records of sea level and ice sheet extent (Gregoire et al., 2016; Stuhne & Peltier, 2017; Tarasov et al., 2012), the
agreement is better (by design), but the particular physical process controlling the characteristics of meltwa-
ter pulses is unclear. In this section, we show how the parameters and initial conditions in our simple model
set the amplitude and timing of meltwater pulses.
The prescribed rate of deglacial climate warming has a strong inﬂuence on the amplitude and timing ofmelt-
water pulses. Figure 3 compares ﬁve meltwater pulses simulated in the simple model, with varying rates of
climatewarming (atr in equation (15)). Faster warming causes the ELA to reach the ice saddle elevation earlier,
leading to an earlier meltwater pulse (Figure 3a). However, scaling time by the rate of climate warming (x axis
of Figure 3b) shows that the meltwater pulse tends to occur later than would be explained by the warming
rate alone. The ice sheet volume and ice saddle elevation take a ﬁnite length of time to equilibrate to ongoing
warming. Consequently, for faster climate warming, the intensity of surface melting and the total ice sheet
volume are higher at the onset of the meltwater pulse, leading to a meltwater pulse with greater amplitude.
We also normalize the ice loss rate by the time-evolving forcing (y axis of Figure 3b). The meltwater pulse
amplitude is greater thanwould be explained by the SMB at the time of themeltwater pulse alone, indicating
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Figure 3. Meltwater pulse properties as a function of forcing rate. (a) Ice loss rate as a function of time for diﬀerent
warming rates (atr). Orange line is identical to the simulation plotted in Figure 2. X axis is broken to show the transient
quasi-equilibrium simulation (blue line). (b) Normalized ice loss rate as a function of scaled time. Y axis is the ice loss rate
divided by the time-dependent sea level SMB (a0(t)). X axis is time multiplied by the rate of forcing (atr ). All parameter
values, except atr , are the same as those used in Figure 2. SMB = surface mass balance; SLE = sea level equivalent.
that the ice sheet size at the time of the meltwater pulse is equally important in setting the meltwater pulse
amplitude.
We determine the proportion of the meltwater pulse amplitude that is explained by forcing rate (as opposed
to internal ice sheet melting dynamics) by comparing simulations with warming rates comparable to the
last deglaciation (atr ∼ 10−3 m/year2) to a quasi-equilibrium simulation with a very slow warming rate
(atr = 10−6 m/year2; blue line Figure 3). The amplitude of the meltwater pulse in the quasi-equilibrium sim-
ulation is set by the diﬀerence between the smallest steady state ice volume with two ice sheets and the
largest steady state ice volume with a single or zero ice sheets (i.e., the saddle-node bifurcation between the
model’s two equilibria; see bifurcation diagram in supporting information). With the same parameters and
initial conﬁguration as in the simulation shown in Figure 2, the quasi-equilibrium simulation has a meltwater
pulse amplitude of ∼ 0.5 cm/year sea level equivalent. This amplitude is less than half the meltwater pulse
amplitude for the deglacial warming rate simulations, leading to the conclusion that most of the meltwater
pulse amplitude is set by the forcing rate at deglacial rates of climate warming.
Many parameters in the simplemodel have an inﬂuence on the initial steady state conﬁguration of ice sheets,
which in turn has a strong inﬂuence on the amplitude and timing of simulated meltwater pulses. We plot the
amplitude (Figure 4a) and timing (Figure 4b) of simulated meltwater pulses for diﬀerent combinations of the
two ice sheet size parameters, A1 and A2. We also plot contours of total ice volume in the premeltwater pulse
steady state (in black) and the ratio of ice sheet volumes in the premeltwater pulse steady state (in gray).
Perhaps counterintuitively, it is the relative size of the two ice sheets (and not total initial ice volume) which is
the primary determinant ofmeltwater pulse amplitude and timing. When the two ice sheets are closer in size,
the resulting meltwater pulse has a higher amplitude and occurs later in time. When the minor ice sheet is
larger, the ELA needed to trigger the small ice sheet instability is higher, causing themeltwater pulse to occur
later (Weertman, 1961). When the ice sheets are close in size, more of the deglaciation of the major ice sheet
occurs during themeltwater pulse, increasing themeltwater pulse amplitude. For a given total ice volume, the
largest possible meltwater pulse occurs when the two ice sheets are of the same size (A1 = A2) and lasts until
both ice sheets are completely deglaciated. Since our model is symmetric with respect to the two ice sheets,
the samemeltwater pulse will occur for a given pair of initial ice sheet sizes, regardless of order (i.e., the same
meltwater pulse occurs for [A1,A2] and [A2,A1]). Other parameters also inﬂuence the amplitude and timing
of meltwater pulses through the initial steady state conﬁguration of ice sheets (see supporting information).
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Figure 4. Meltwater pulse properties as a function of ice sheet size parameters. (a) Maximum rate of ice loss during
meltwater pulse in centimeter per year sea level equivalent. (b) Timing of meltwater pulse after onset of climate forcing
in years. In both panels, x and y axes are ice sheet size parameters A1 and A2, respectively. Red triangle marks location of
simulation shown in Figure 2. Black contours are total volume of both ice sheets in premeltwater pulse steady state
conﬁguration (in units of 106 km3). Gray contours are ratio of ice sheet 2 volume to ice sheet 1 volume.
Laurentide-Cordilleran Ice Sheet complex volume was 33 × 106 km3 during the LGM (based on ICE-6G estimate; see
Peltier et al., 2015). Simulations in region shaded in white do not include a meltwater pulse. LGM = Last Glacial
Maximum; SLE = sea level equivalent.
5. Discussion and Implications
Wehavedescribeda simplemodel that is capableofproducingameltwaterpulse that resemblesobservations
of MWP 1A. In previous simulations of MWP 1A using complex ice sheet models, a meltwater pulse occurs
several thousand years later than what is indicated by many independent lines of observation (Abe-Ouchi
et al., 2013; Gregoire et al., 2012; Heinemann et al., 2014). The results of our simple model suggest that such a
delayed onset of the simulatedmeltwater pulsemay be caused by either (a) deglacial climate warming being
too slow or (b) the LGM size of the Cordilleran Ice Sheet being too large relative to the Laurentide Ice Sheet.
Possibility (b) also implies that the amplitude of the simulated meltwater pulse is too large (Figure 4a) and
the proportion of the observed rise in sea level associated with MWP 1A ascribed to Antarctic melting would
necessarily be greater (as discussed in Gomez et al., 2015; Liu et al., 2016). The opposite is true of possibility
(a). As Figure 4 demonstrates, to accurately simulate a deglacial meltwater pulse, it is critically important to
match models to observations of the relative volumes of the two intersecting ice sheets, in contrast to some
studies (e.g., Gregoire et al., 2016) which match total ice volume to observations. Matching relative ice sheet
volumes would likely necessitate the calibration of ice sheet model parameters in a spatially varying fashion
(as in the data-model fusion of Tarasov et al., 2012).
As we state in section 2, we do not seek to determine why ice saddles exist but rather to determine
the implications of a generic ice saddle geometry (and the height-mass balance feedback) for the evolv-
ing rate of ice sheet deglaciation. Geomorphological observations (Margold et al., 2015) suggest that the
Laurentide-Cordillera ice saddle was maintained during the LGM by an ice stream occupying the Mackenzie
River trough and that a series of ephemeral ice streams may have appeared in the saddle during deglacia-
tion, potentially aided by the formation of proglacial lakes. Though some studies have coarsely simulated ice
stream ﬂow responses to climate warming on paleoclimatic time scales (Robel & Tziperman, 2016; Tarasov
et al., 2012), even state-of-the-art ice sheet models have diﬃculty accurately resolving the shear margin and
onset zones of ice streams (Haseloﬀ et al., 2018; Hindmarsh, 2009), and almost none simulate proglacial lake
formation. Though addingmore ice sheet processes to ourminimalmodelmay produce quantitative changes
in simulated meltwater pulses, the inability of current 3-D models to properly simulate transient ice stream
dynamics on paleoclimate time scales makes it diﬃcult to deﬁnitely say whether such changes would alter
any of our conclusions, which as we have shown, are fundamentally the consequence of ice sheet geometry
and the height-mass balance feedback.
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One general implication of our simple model is that any land-based ice sheet with an ice saddle-like geom-
etry (and the height-mass balance feedback) has the potential to produce a meltwater pulse in a warming
climate. Indeed, some simulations of the multidomed Greenland Ice Sheet in warm past climates have raised
the possibility of ice saddle collapse in Southeast Greenland (Ridley et al., 2010; Robinson et al., 2011). How-
ever, such studies have typically focused on the equilibrium states of the Greenland Ice Sheet rather than the
transient rate of deglaciation. A future study might focus on how the multidomed geometry and the internal
dynamics of the Greenland Ice Sheet could lead to a meltwater pulse under transient climate warming.
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